The development of a wireless undulatory tadpole robot using ionic polymer-metal composite (IPMC) actuators is presented. In order to improve the thrust of the tadpole robot, a biomimetic undulatory motion of the fin tail is implemented. The overall size of the underwater microrobot prototype, shaped as a tadpole, is 96 mm in length, 24 mm in width, and 25 mm in thickness. It has one polymer fin tail driven by the cast IPMC actuator, an internal (wireless) power source, and an embedded controller. The motion of the tadpole microrobot is controlled by changing the frequency and duty ratio of the input voltage. Experimental results show that this technique can accurately control the steering and swimming speed of the proposed underwater tadpole robot.
Introduction
Biomimetic underwater microrobots are of great interest for exploring unstructured underwater environments and for Q.1 Q. 2 microsurgery within blood vessels for minimally invasive medicine [1] [2] [3] [4] [5] [6] [7] [8] [9] .
The design of highly maneuverable underwater microrobots is often based on the swimming mechanism and anatomic structure of fish primarily using undulatory body motion, highly controllable fins and optimal thrust. Furthermore, the requirement of a wireless energy supply for underwater microrobots has been addressed for practical applications [1, 8] .
Underwater microrobots using giant magnetostrictive actuators (GMA) [1] , piezoelectric (PZT) actuators [3, 9] , shape memory alloy (SMA) actuators [2, 6] , and polymer 4 Author to whom any correspondence should be addressed. 5 Current address: Department of Biomedical Engineering, School of Medicine, Johns Hopkins University, Baltimore, MD 21218, USA.
actuators [4, 5] have been reported. Many of these previous prototypes have suffered from electrical leakage, lack of safety in water, insufficient compactness, and stiff actuators.
Q.3
Biomimetic fish-like propulsion using an ionic polymermetal composite (IPMC) as a propulsion tail fin in water or an aqueous medium has been proposed [7, 8] . Compared with the available actuation methods mentioned above, IPMC actuation demonstrates significant potential in providing a propulsion tail fin for underwater microrobots. IPMC is physically light and flexible in nature. It has a suitable response time and high bending motion for an underwater microrobot swimming structure. It also uses low driving voltages (<3 V) and operates well in an aqueous environment [10, 11] . For example, the stress generated by an IPMC is small compared to that generated by shape memory alloys (SMAs) and lead zirconium titanate (PZT), while the strain is much higher. The efficiency of IPMC is higher than that of SMA and almost the same as that of PZT [12] . More information on IPMC actuators can be found in [13, 14] . This paper focuses on the development of a wireless tadpole robot capable of high thrust, based on biomimetic undulatory motion, using cast IPMC actuators. Our previous studies [15] [16] [17] reported on the casting process for commercial Nafion TM films, which enabled us to make thick films for improving the force generation of IPMC actuators. For underwater microrobots with improved thrust, we investigated the undulatory motion of the tadpole in Nature and employed a cast IPMC actuator as a propulsion tail fin for mimicking the undulatory tadpole robot in water. The design and evaluation of the tadpole microrobot is the subject of this paper.
The paper is structured as follows. In section 2, the preparation of cast IPMC actuators is described. In section 3, the design of the biomimetic tadpole robot integrated with cast IPMC actuators is described. In section 4, the motion and steering capability of the underwater tadpole-like robot are discussed, with experimental results. Finally, conclusions are given in section 5.
Preparation of cast IPMC actuators
IPMC is an electroactive polymer that bends in response to the electrical potential. The mechanism of the bending motion of an IPMC actuator is illustrated in figure 1 . As the voltage is applied, the hydrated cations in the Nafion TM film move to the negatively charged electrode. As a result of the volume change inside the Nafion TM film, the IPMC actuator bends to the negatively charged side.
IPMC presents significant advantages as a propulsion tail fin for underwater microrobots; it is lightweight and flexible, exhibits a high displacement when actuated, requires only a low driving voltage (<3 V), and operates well in a wet environment. For these reasons, we employed the IPMC actuator as a propulsion tail fin for mimicking undulatory tadpole-like propulsive motion in water.
Commercially available ion-exchange polymer films have a limitation in thickness. To control the thickness of ion-exchange polymer films, the casting method developed previously [15, 16] was used in this study. During the casting procedure, liquid Nafion TM is transformed into a solid film and the thickness of the film is controlled. Our previous study [15, 16] showed that the use of the casting method to fabricate an IPMC actuator with lower thickness is advantageous for achieving larger displacement and lower power consumption than for the commercially available ionexchange polymer films. For our tadpole robot design, a cast IPMC actuator with dimensions 0.15 mm in thickness, 4 mm in width, and 30 mm in length was selected.
The fabrication process for cast IPMC actuators is illustrated in figure 2 . The overall process consists of casting liquid Nafion TM followed by an electroless chemical plating process. In step (A), liquid Nafion TM (EW 1000, Dupont) is poured into the casting mold carefully so as not to create bubbles. After pouring the Nafion TM solution into the casting mold, the solution is solidified. Solidification is performed under atmospheric conditions at approximately 25
• C for several days. In steps (B) and (C), the cast Nafion TM film is stripped from the casting mold. The next step (D) illustrates curing of the cast Nafion TM film. After stripping the cast film from the casting mold, the film is placed in a vacuum oven at 1 bar and 100
• C for an hour for thermal treatment. This curing process increases the mechanical stiffness of the cast film by improving the strength of the molecular bonds. Then, the cast Nafion TM film is immersed in a hydrogen peroxide solution at a temperature between 75 and 100
• C for 1 h, and then boiled in de-ionized water for 1 h. The final step (E) in preparing IPMC actuators is plating electrodes on both sides of the film. An electroless chemical plating process [15] is used to produce platinum electrodes on the IPMC actuator.
Tadpole robot design

Description of overall design
Tadpoles are unusual among vertebrates in having a globose body with a laterally compressed tail [20] . Tadpoles have a simple body structure, an easily controllable center of mass, and swim with large lateral deflections. The swimming performance of tadpoles is affected by body shape and stiffness and the configuration of the tail fins. In order to perform a biomimetic geometrical design of a tadpole-like robot, a CAD model was taken from a bullfrog tadpole, Rana catesbeiana. The 3D geometrical data for the tadpole shape was reconstructed by combining 2D images, as illustrated in figure 3 . The casting mold of the body shape was produced by 3D rapid prototyping. Figure 4 shows the overall design of the tadpole microrobot. The overall size of the underwater microrobot prototype shaped as a tadpole is 96 mm in length, 24 mm in width, and 25 mm in thickness. The IPMC actuator (30 mm × 4 mm × 0.15 mm) was cut into a strip to drive a tail fin for propulsion. Figure 5 shows a photograph of the prototype tadpole robot. The microrobot consists of the body,one polymer fin tail driven by the cast IPMC actuator, and the controller module. The controller module is located inside the body and includes a wireless power source, electrodes, and a frequency modulator. Power is supplied by a commercially available battery (model: SANYO CR-1/3N). PDMS (polydimethylsiloxane), a hydrophobic polymer material, is employed to fabricate the fin of the tadpole robot because of its low cost,ease of handling, and flexible material characteristics. PDMS plays an important role in providing the undulatory motion of the fin of the tadpole robot. Detailed material and parametric information for the tadpole robot components are given in table 1.
Swimming mechanism
Compared with most fishes, tadpoles swim awkwardly, with waves of relatively high amplitude at both the snout and tail tip.
According to biomechanics theory on tadpole swimming [18] [19] [20] , low frequency tail beats with larger amplitude lateral oscillations provide high thrust. IPMC actuators can be used as a biomimetic propulsion mechanism for the tadpole-like robot in that it generates large displacements under low frequency.
The biomimetic tadpole robot has one tail fin driven by an IPMC actuator, as shown in figures 4 and 5. The tail fin is driven by a voltage of controllable frequency and duty ratio, as shown in figure 6 . By changing the duty ratio of the voltage applied to the IPMC actuator, swimming motion in three different directions (forward, right turn, and left turn) can be realized. The amplitude and sinusoidal wavenumber of the tail fin can also be controlled by the frequency of the voltage input to the IPMC actuator.
Analysis of an undulatory fin tail motion
Thrust is generated by a propulsion system to overcome the drag force. On a small scale, we can define the drag force as follows:
where F is the drag force, C D is the drag coefficient, A is the surface area of the robot body, ρ is the density of fluid, and v is the velocity of fluid. In the case of undulatory motion, the thrust is derived under the following assumptions. The fluid is incompressible and not viscous. The mean speed of the robot relative to the fluid is low and constant. Given geometrical parameters and the coordinate illustrated in figure 7 , we can derive a simple formula for calculating the speed of the O tn reference plane bound to the area element as in the reference:
where
is the angle of fin curvature;
where F T is the thrust force, C D is the drag coefficient, ρ is the density of the fluid, ν n is the speed of the solid relative to the fluid.
As shown in equation (3), the thrust in tadpole locomotion is based on the square of the velocity and the angle of fin curvature if we assume that other factors are constant. In defining the undulatory motion of the fin tail with IPMC actuators, the function of thrust amplitude is obtained according to the variation of the frequency as follows [19] :
where a( f ) represents amplitude at frequency f in the center plane, λ is the wavelength, h(x, f, t) is the elevation of the center plane, t is time, and x is the coordinate in the x direction, as illustrated in figure 7 , corresponding to the body length. Figure 8 shows the curvature of the fin tail in the frame of the fixed time under variation in the driving frequency. As the driving frequency increases, the thrust amplitude of the fin decreases and the wavenumber of the sinuous fin increases. This shows the same tendency as experimental data for tadpole fin motion.
The thrust amplitude, which is defined as F T / 1 2 C D ρ, is calculated for various driving frequencies using equations (3) Q. 4 and (4). Numerical solution results are shown in figure 9 . Upper right in figure 9 is the shape of the fin tail motion that gives the maximum thrust when the fin tail is actuated at 1.4 Hz. 
Experimental evaluation
We measured the swimming performance of the tadpole robot in a water tank by videotaping at 30 frames s −1 . Sampling
at 30 Hz is insufficient for high speed kinematic analysis, but is well suited for measuring the direction and speed of travel, which are the focus of our interest.
Characteristics of the propulsion tail fin
First, we investigate the relationship between the driving frequency and displacement of the IPMC actuator. A sinusoidal AC voltage (±2.5 V) was applied to the actuator. In our previous study [15, 16] bending displacement of the actuator at the free end is recorded using a DAQ board and LabVIEW (National Instrument) when bending motion is no longer observed. Figure 10 shows a comparison of the measured maximum bending displacement in air and water. Experimental results show that the measured maximum bending displacement in water is lower, particularly at low frequencies (<3 Hz), than in air because of the hydrodynamic drag in water. In addition, the amplitude of the IPMC actuator decreases with increasing driving frequency, as shown in figure 10 . On the basis of this experimental result, we can determine the frequency of the voltage input to the IPMC actuators and use this to adjust the amplitude and sinusoidal wavenumber of the tail fin.
Undulatory motion versus oscillatory motion
The definitions of undulatory motion and oscillatory motion of the tadpole robot are illustrated in figure 11 . The propulsive speed of the tadpole robot, for both motion types, was measured. A comparison of experimental results is shown in table 2. We employ PDMS polymer thin films to obtain undulatory motion of the fin and stiffer PET films for oscillatory motion. Experimental results confirm that undulatory motion is more efficient than oscillatory motion, which was also predicted by the previous theoretical analysis [7] . Figure 12 shows the observed undulatory motion of the actual tadpole and the tadpole robot. Different driving frequencies from 1 to 8 Hz were applied to the tadpole robot to generate undulatory motion, which is illustrated in figures 12(b)-(d) . On the basis of the observation and analysis of each case of tadpole locomotion, we found that the undulatory motion of the tadpole robot at 4 Hz is most similar to that of the actual tadpole shown in figure 12(a) . to the IPMC actuator was ±2.5 V. The frequency of the applied square wave ranges from 1 to 8 Hz. The speed and thrust of the tadpole robot are maximum for a 4 Hz square wave voltage. Experimental results indicate that the thrust is closely related to the speed of movement. The speed of the tadpole robot reaches 23.6 mm s −1 at a 4 Hz driving frequency. As discussed in section 3.3, a maximum thrust exists at any driving frequency of the tail fin. Our experimental data show a similar tendency to the analytical results although the driving frequency at the maximum thrust is a little shifted.
Thrust force and swimming speed of the prototype
Steering capability
The applied bias voltage for steering the tadpole robot ranges from 0 to 2.5 V. The frequency of the input voltage is fixed at 2.7 Hz. The duty ratio, defined in figure 6 , significantly influences the bending displacement of the robot fin and consequently determines the steering angle of the tadpole robot. Figure 14 shows the tadpole robot in water and the definition of the steering angle. The steering angle for variation in duty ratio is measured. Figure 15 shows that the steering angle can be controlled by changing the duty ratio of the voltage input to the IPMC actuators. As the applied duty ratio increases, the steering angle increases. The maximum steering angle was about 30
• at a 90% duty ratio. 
Conclusions
This paper presents a wireless tadpole robot with biomimetic propulsion, using a cast IPMC actuator. For the purpose of improving the thrust of the tadpole robot developed, the biomimetic undulatory tadpole locomotion is investigated. The microrobot prototype consists of one polymer fin tail driven by a cast IPMC actuator, a wireless power source, and an embedded controller. The overall size of the underwater tadpole shaped microrobot is 96 mm in length, 24 mm in width, and 25 mm in thickness. Motion of the tadpole microrobot is measured by changing the frequency of the input voltage from 1 to 8 Hz in water and the duty ratio of the input voltage. Experiments investigating features such as the bending displacement of the IPMC actuator in the water, the velocity change with respect to fin motion, the velocity change for variations in actuator driving frequency, and the steering capability in relation to duty ratio variations are conducted to investigate the motion and efficiency of the tadpole microrobot. Undulatory motion of the fin supplies highly efficient propulsion. Experimental results also show that the speed and steering angle of the underwater tadpole robot can be controlled by changing the duty ratio and the frequency of the input voltage. With an optimized input waveform, the speed of the tadpole robot reached 23.6 mm s −1 at a 4 Hz driving frequency.
